T-20 is a synthetic peptide that potently inhibits replication of human immunodeficiency virus type 1 by interfering with the transition of the transmembrane protein, gp41, to a fusion active state following interactions of the surface glycoprotein, gp120, with CD4 and coreceptor molecules displayed on the target cell surface. Although T-20 is postulated to interact with an N-terminal heptad repeat within gp41 in a transdominant manner, we show here that sensitivity to T-20 is strongly influenced by coreceptor specificity. When 14 T-20-naive primary isolates were analyzed for sensitivity to T-20, the mean 50% inhibitory concentration (IC 50 ) for isolates that utilize CCR5 for entry (R5 viruses) was 0.8 log 10 higher than the mean IC 50 for CXCR4 (X4) isolates (P ‫؍‬ 0.0055). Using NL4.3-based envelope chimeras that contain combinations of envelope sequences derived from R5 and X4 viruses, we found that determinants of coreceptor specificity contained within the gp120 V3 loop modulate this sensitivity to T-20. The IC 50 for all chimeric envelope viruses containing R5 V3 sequences was 0.6 to 0.8 log 10 higher than that for viruses containing X4 V3 sequences. In addition, we confirmed that the N-terminal heptad repeat of gp41 determines the baseline sensitivity to T-20 and that the IC 50 for viruses containing GIV at amino acid residues 36 to 38 was 1.0 log 10 lower than the IC 50 for viruses containing a G-to-D substitution. The results of this study show that gp120-coreceptor interactions and the gp41 N-terminal heptad repeat independently contribute to sensitivity to T-20. These results have important implications for the therapeutic uses of T-20 as well as for unraveling the complex mechanisms of virus fusion and entry.
Human immunodeficiency virus type 1 (HIV-1) binds the CD4 molecule, normally expressed on a subset of T lymphocytes, monocyte/macrophages, and dendritic cells, as the initial step of viral entry into the host cell (42) . All naturally occurring isolates of HIV-1 require in addition to the CD4 molecule a chemokine receptor, usually CXCR4 or CCR5, for viral entry to occur (reviewed in references 18 and 31) . Viruses that use CXCR4 (X4 viruses) or both coreceptors (X4R5 viruses) are frequently associated with CD4 T-cell depletion and disease progression in vivo, while viruses that use CCR5 (R5 viruses) usually predominate during transmission and the asymptomatic stages of HIV-1 infection (reviewed in reference 2). Entry of HIV-1 into the target cell is mediated by two envelope glycoproteins, gp120 and gp41, that are modified by extensive glycosylation and proteolytically processed from a precursor molecule, gp160 (21, 33) . Mature gp41 and gp120 are noncovalently associated into oligomeric complexes that facilitate entry of the virion into the host cell (34, 44, 56) . The efficiency of gp120 dissociation from gp41, neutralization by soluble CD4, and binding to CD4 have been linked to the stability of the gp120-gp41 complex (28, 34, 40, 43, 57) .
The surface glycoprotein, gp120, mediates CD4 and coreceptor binding (29) . The third variable (V3) loop of gp120 contains determinants of coreceptor specificity and tropism (3, 10, 19, 20, 22, 38, 45, 47, 49, 50, 52, 59) . The viral transmembrane glycoprotein, gp41, contains an N-terminal extracellular domain, a membrane-spanning domain (MSD) , and a C-terminal cytoplasmic tail (21, 33) . The function of gp41 is to anchor the glycoprotein complex within the host-derived viral membrane and mediate membrane fusion. Conformational changes that occur in gp41 following gp120 interactions with CD4 and coreceptor promote fusion between the viral envelope and the target cell membrane (6) . These conformational changes in gp41 expose a putative hydrophobic fusion peptide located near the N terminus (7), which is believed to insert into the target cell membrane. It is postulated that the bridged target cell and viral membranes are brought together as two heptad repeats within gp41 (one located C terminal to the fusion peptide [HR1] and the other located N terminal to the MSD [HR2]) associate to form a coiled-coil bundle (6, 32, 48, 51) . Functional studies have shown that HR1 and HR2 are essential for virus-cell membrane fusion to occur (15, 53) . Although crystallographic and biophysical data suggest that the fusion process of HIV-1 may be analogous to that described for the hemagglutinin glycoprotein of influenza virus (4, 5) , the specific events remain to be defined.
Short synthetic peptides that interact with sequences within HR1 and HR2 have been used effectively to inhibit viral entry and cell to cell fusion in vitro (35, 41, 54, 55) and viral replication in vivo (25) . One peptide, T-20 (formerly DP-178), corresponds to a linear 36-amino-acid sequence within HR2 and potently inhibits entry of HIV-1 into host cells most likely by interfering with the transition of gp41 into its fusion-active state (17, 26, 55) . T-20 peptides are proposed to interact with a target sequence within HR1, inhibiting association with native HR2 and preventing apposition of the viral and cellular membranes (7, 25) . In support of this model, Rimsky et al. identified a contiguous three-amino-acid residue sequence within HR1 (GIV at positions 36 to 38) that is critical for inhibition of HIV-1 HXB3 entry by T-20 and for efficient association between HR1 and T-20 peptides (41) . The generation of viral resistance to T-20 in vitro was associated with substitutions at two positions within the GIV sequence (G3S or D and V3M). Even though the GIV sequence is highly conserved among isolates of HIV-1 (36), a commonly studied, laboratory-adapted X4 strain, NL4.3, contains a G3D substitution at position 36 within HR1. Despite this G3D substitution, NL4.3 remains sensitive to high concentrations of T-20 (41) .
In this report, we show that higher concentrations of T-20 were required to inhibit primary R5 isolates than X4 isolates. By analyzing chimeric viruses containing combinations of envelope sequences derived from X4 and R5 viruses, we show that coreceptor specificity defined by the gp120 V3 loop substantially modulates sensitivity to inhibition by T-20. The results presented here show that the process of fusion initiated by interactions with CCR5 or CXCR4 is differentially susceptible to inhibitors that target intramolecular interactions of gp41. These findings have important implications for the therapeutic uses of T-20 as well as for unraveling the complex mechanisms of virus-cell membrane fusion and understanding viral resistance to peptide inhibitors and the evolution of coreceptorspecific viral quasispecies.
MATERIALS AND METHODS
Primary HIV-1 isolates. Primary isolates of HIV-1 were obtained from infected patients with Institutional Review Board-approved informed consent at the UAB 1917 Clinic. Peripheral blood mononuclear cells (PBMC) were isolated from whole blood by Ficoll-Paque (Pharmacia, Piscataway, N.J.) gradient centrifugation and then cocultured with normal donor PBMC that had been cultured for 1 to 3 days in the presence of 3 g of phytohemagglutinin (PHA) per ml to activate T cells. Cultures were maintained in RPMI 1640 supplemented with 15% fetal bovine serum (HyClone, Logan, Utah), 2 mM glutamine, 1ϫ nonessential amino acids, 1ϫ penicillin-streptomycin, and 20 or 30 U of recombinant human interleukin-2 (Roche, Indianapolis, Ind.) per ml for 7 days. At day 7, one half of the medium was removed and replaced with fresh interleukin-2-containing medium containing PHA-activated blasts. Production of virus was monitored by enzyme-linked immunosorbent assay (ELISA) (Coulter, Miami, Fla.) to detect HIV-1 p24 in the culture supernatant. At day 14, the virus-containing supernatant was collected, clarified by low-speed centrifugation, and passed through a 0.45-m-pore-size filter to produce cell-free virus stocks. Stocks were stored in 1-ml aliquots at Ϫ70°C.
Determination of SI/NSI phenotypes and coreceptor specificity of primary isolates. Primary isolates were used to infect MT-2 cells to determine their syncytium-inducing (SI) or noninducing (NSI) phenotype, using the AIDS Clinical Trials Group (ACTG) virology manual MT-2 assay (23). Briefly, 5 ϫ 10 4 MT-2 cells were plated into 96-well plates, and 50 l of cell-free virus stock was added. Cultures were monitored for the presence of syncytia at days 3, 6, 9, 12, and 14 and scored positive (SI) if syncytia were present or negative (NSI) if no syncytia were observed during the 14-day period. All virus stocks were also tested for infectivity in PBMC. Coreceptor specificity was determined using GHOST4 HIV indicator cells expressing CCR5, CXCR4, or no coreceptor (11) . Briefly, 2 ϫ 10 4 cells were plated into 12-well plates in Dulbecco modified Eagle medium (DMEM) containing selective antibiotics puromycin (except the parental line), hygromycin, and G418. The next day, the cells were infected with 0.3 ml of virus stock for 2 h at 37°C, and the culture volume was adjusted to 1 ml with complete DMEM with antibiotics. Expression of the reporter genes is dependent on production of HIV-1 tat. JC53-BL cells were routinely subcultured every 3 to 4 days by trypsinization and were maintained in DMEM supplemented with 10% fetal bovine serum and 1ϫ penicillin-streptomycin (cDMEM). The infectious titer of all virus stocks was determined on JC53-BL cells by direct counting of blue foci prior to analysis of T-20 inhibition (data not shown). For each set of analyses, 5 ϫ 10 4 JC53-BL cells were plated per well into 24-well tissue culture plates 1 day prior to infection. An equivalent amount of each virus stock (2,000 infectious units) was added to the cell monolayer in the presence of DEAE-dextran (40 g/ml) in DMEM in a final volume of 0.25 ml. After adsorption at 37°C for 2 h, 0.75 ml of cDMEM was added to each well. The infected cultures were incubated at 37°C with 5% CO 2 in a humidified incubator for 2 days. Infections were performed and maintained in the absence of T-20 (control) or in the presence of 0.008, 0.04, 0.2, 1, and 5 g of T-20 per ml in duplicate wells. To measure luciferase activity at 2 days postinfection, the supernatant was removed and the cells were lysed using a Promega (Madison, Wis.) luciferase assay system kit. The light intensity of each cell lysate was measured on a BMG luminometer using Lumistar version 2.04 software. Mock-infected wells were used to determine background luminescence, which was subtracted from the sample wells. Mock-infected wells were also cultured with each dose of T-20 to control for cell viability (data not shown). Two luciferase-positive control wells were included with each analysis. Virus infectivity was calculated by dividing the luciferase units (LU) produced at each concentration of T-20 by the LU produced by the control infection (no T-20). The mean 50% inhibitory concentration (IC 50 ) was calculated for each virus using the predicted exponential growth function in Microsoft Excel, which uses existing x-y data to estimate the corresponding T-20 concentration (x) from a known value (y), which in this case was 50% infectivity. Mean IC 50 s were calculated using all replicates for each virus and are expressed Ϯ the standard deviation. The mean coefficient of variation for all sets of replicate analyses was 25% (range, 9 to 42%). The Wilcoxon rank sum test was applied to pairwise comparisons to determine whether the observed differences between IC 50 for individual chimeric viruses or the mean IC 50 s for X4 and R5 primary isolates were statistically significant.
To identify ␤-galactosidase-expressing cells, the supernatant was removed and the cells were fixed in 0.25% glutaraldehyde-0.8% formaldehyde in phosphatebuffered saline (PBS) for 5 min at room temperature, washed three times with PBS, and then stained using a solution containing 400 g of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) per ml, 4 mM MgCl 2 , 4 mM potassium ferrocyanide, and 4 mM potassium ferricyanide in PBS for 2 h at 37°C. The staining solution was then removed; cells were washed one time with PBS and then overlaid with 0.5 ml of PBS for microscopic counting of blue foci. Counts for mock-infected wells, used to determine background, were subtracted from counts for the sample wells. The results of all luciferase experiments were confirmed by direct counting of blue foci in parallel infections (data not shown).
For infections performed in PBMC, each virus stock was individually titered on cells from a CCR5 wild-type donor by measuring p24 production at day 7 in wells containing serial dilutions of virus and calculating the 50% tissue culture infectious dose (TCID 50 ) using the Spearman-Karber formula. PBMC from the same donor were used for the T-20 inhibition assay, in which 1,000 TCID 50 of each virus stock was used to infect 10 6 PHA-activated PBMC in the presence or absence of 0.0016 to 1 g of T-20 per ml, using a modification of the ACTG virology manual HIV drug susceptibility assay. Supernatant p24 was measured at day 7 postinfection for each virus and used to calculate the virus infectivity and IC 50 of T-20.
HIV-1 envelope chimeras. Plasmids containing envelope sequences derived from HIV-1 strain NL4.3 or JRFL in an NL4.3 proviral background have been previously described (37) (38) (39) . Briefly, each plasmid was constructed into the backbone of the HIV-1 NL4.3 provirus by subcloning regions of the JRFL envelope gene into restriction site-modified pNL4.3. Plasmids containing gp120 V3 loops from HIV-1 strains ADA, SF162, and SF2 in an NLHX (NL4.3 containing the HXB2 envelope) proviral background have been previously described (20) . The nucleotide positions of restriction sites used for subcloning (see Fig. 2 ), numbered according to NL4.3, are as follows: SalI, 5785; KpnI, 6343; StuI, 6822; MstII, 7305; PvuI, 7655; BamHI, 8474; and XhoI, 8887. The envelope coding region begins at position 6224, the V3 loop spans positions 7103 to 7267, the gp120/gp41 cleavage site is at 7747, and the coding region ends at 8785. To make infectious viral stocks representing each proviral construct, each plasmid was transformed into competent Escherichia coli cells and grown on Luria-Bertani agar containing ampicillin (100 g/ml) overnight. Well-isolated colonies were used for overnight cultures, from which ampicillin-resistant plasmids were isolated. Each plasmid construct was analyzed by restriction digest to verify that all HIV-1 sequences were maintained. Each plasmid was then transfected into a 100-mm-diameter tissue culture plate containing an 80% confluent monolayer of 293T cells in cDMEM using Fugene 6 (Roche/Boehringer Mannheim, Indianapolis, Ind.) at a 3:1 ratio (Fugene volume to microgram of DNA) as specified by VOL. 74, 2000 HIV-1 V3 LOOP MODULATES SENSITIVITY TO T-20 8359 the manufacturer. Transfected 293T cells were incubated at 37°C with 5% CO 2 in a humidified incubator for 2 days; then the virus-containing supernatant was collected, clarified by low-speed centrifugation, and passed through a 0.45-mpore-size filter to produce cell-free virus stocks. Stocks were stored in 0.5-ml aliquots at Ϫ70°C.
RESULTS
Primary X4 isolates are more sensitive than R5 isolates to inhibition by T-20. T-20 has been previously shown to inhibit cell-to-cell fusion and cell-free virus infectivity in vitro (35, 41, 54, 55) and effectively block viral replication in vivo (25) . However, phenotypic resistance to T-20 can readily develop under selective pressure in both environments, especially when suboptimal doses of T-20 are used (41; G. M. Shaw, unpublished data). In this study, we analyzed the concentrations of T-20 required to inhibit a panel of primary isolates derived from HIV-1-infected subjects that were T-20 naive and represented various clinical settings (Table 1) . We used a derivative of HeLa cells, JC53-BL indicator cells, which have been engineered to express surface levels of CD4, CCR5, and CXCR4 comparable to levels produced by PBMC (data not shown). This cell line is highly susceptible to infection by diverse primary isolates, including both X4 and R5 strains (Wu et al., unpublished data). These cells produce LTR-driven reporter gene products, ␤-galactosidase and luciferase, when infected with HIV-1 and allow quantitative measurement of virus infectivity. We obtained 14 viral isolates from HIV-1-infected individuals by patient PBMC coculture with donor PHA-activated blasts. The ability of each primary isolate to induce syncytia in cultures of MT-2 cells (23) and infect GHOST cells expressing CCR5 or CXCR4 (11) was determined ( Table 1) . To evaluate their sensitivity to T-20, equivalent infectious units of each viral isolate were used to infect JC53-BL cells (Fig. 1 ). Infections were performed and maintained in the presence of increasing doses of T-20 (0.008, 0.04, 0.2, 1, and 5 g/ml) for 48 h. The relative level of virus infection for each isolate was calculated by the ratio of LU produced at each T-20 concentration to the control (no T-20). The mean IC 50 of T-20 for all 14 isolates varied over 1.5 log 10 , ranging from 0.029 to 0.982 g/ml (mean ϭ 0.257 Ϯ 0.272). As shown in Fig. 1 , the majority of X4 viral isolates were more sensitive than the R5 isolates to T-20. The mean IC 50 of T-20 for the X4 and X4R5 isolates was 0.067 Ϯ 0.054 g/ml (n ϭ 6), while the mean IC 50 for the R5 isolates was 0.400 Ϯ 0.285 g/ml (n ϭ 8), a statistically signif- icant difference of about 0.8 log 10 (P ϭ 0.0055). Although the X4 isolates were more sensitive to the inhibitory action of T-20 in this analysis, it was not possible to attribute this observation solely to coreceptor usage because of the inherent genetic diversity in other regions of the HIV-1 genome.
Substitution of R5 V3 loops into an X4 envelope background decreases sensitivity to T-20. To determine whether coreceptor usage influenced sensitivity to T-20, we analyzed a panel of chimeric proviruses in which V3 loop sequences derived from a series of R5 viruses were inserted into an X4 envelope back- (Fig. 2) . Figure 2A shows the organization of the HIV-1 envelope gene, and Fig. 2B shows the envelope sequence combinations present in the chimeras used in this study. The first panel of chimeric viruses was constructed in an NL4.3 proviral background, and all contain gp120 and gp41 envelope sequences derived from HXB2, an X4 strain adapted to replication in T-cell lines (NLHX) (20) . The V3 loop sequences (Fig. 3A) were derived from two R5 viruses, SF162 and ADA, and a T-cell line-adapted X4R5 virus, SF2, that predominantly uses CCR5 as its coreceptor (8, 20) . These chimeras have been described previously and were originally constructed to analyze the determinants of CCR5 utilization (20) . When the relative virus infectivity of each construct was analyzed in the presence of T-20, all R5 V3 loop substitutions into NLHX resulted in decreased sensitivity to T-20 (Fig. 4A ). The NLHX virus that contains R5 V3 loop sequences derived from SF162 required 0.8 log 10 more T-20 to inhibit 50% of its infectivity than NLHX (IC 50 increased from 0.005 to 0.032 g/ml, P ϭ 0.028). Similarly, the virus that contains R5 V3 loop sequences derived from ADA demonstrated an IC 50 of 0.024 g/ml, which was 0.7 log 10 higher than that for NLHX (P ϭ 0.028). A virus that contains only the C-terminal sequences of the ADA V3 loop, NLHX ADA V3B, also had an increased IC 50 of 0.019 g/ml, about 0.6 log 10 higher than that for NLHX (P ϭ 0.028). Finally, the IC 50 for the virus that contains the SF2-derived R5 V3 loop was 0.025 g/ml, about 0.7 log 10 higher than that for NLHX (P ϭ 0.028). These results showed clearly that determinants of coreceptor specificity within this panel of chimeras modulated the response to T-20 and that the mean IC 50 for the four R5 chimeras was 0.7 log 10 higher than that for the X4 virus NLHX.
To validate the effect of coreceptor specificity on inhibition by T-20, we analyzed a second set of chimeras that were constructed in an NL4.3 proviral and envelope background (Fig.  2B) . HIV-1 NL4.3 is a T-cell line-adapted strain that is highly related to HXB2 and is specific for CXCR4 (1, 36) . These NL4.3-based chimeric constructs contain different subsets of envelope sequences derived from HIV-1 JRFL, an R5 isolate obtained from the brain of a patient who died of AIDS (27, 38, 46) . The NL4.3/JRFL constructs were originally designed to define determinants of macrophage tropism and resistance to neutralization by soluble CD4 (37) (38) (39) . To determine the baseline sensitivity of NL4.3 to T-20 inhibition, viruses produced from two infectious proviral clones of NL4.3 that differ only in the modification of a StuI restriction site to XbaI in cellular flanking sequences upstream of the 5Ј LTR [NL4.3 and NL-(Stu)Xba] were analyzed (Fig. 4B) . The NL(Stu)Xba provirus is the parental proviral clone in which all of the JRFL envelope chimeras were constructed (37) (38) (39) . The IC 50 s for the two NL4.3 viruses were almost identical (0.120 and 0.130 g/ml, mean ϭ 0.125 Ϯ 0.008). When the R5 V3 loop sequence derived from JRFL was inserted into NL4.3 (NL-FLV3), the IC 50 of T-20 for that virus increased 0.6 log 10 , from 0.125 to 0.443 g/ml (P Ͻ 0.001). Similar increases in the IC 50 were observed when the JRFL V3 loop and flanking sequences were included (0.397 g/ml for NFN-SM and 0.423 g/ml for NFN-SP, P Ͻ 0.001 for both comparisons). Thus, the minimal requirements for a 0.5-to 0.6-log 10 increase in IC 50 involved only substitution of the R5 V3 loop and was consistent with the NLHX chimeras described above, confirming that coreceptor specificity affects susceptibility to the inhibitory effect of T-20 in vitro.
To determine whether our observations could be extended from the JC53-BL cell line to primary cells, we repeated the analysis of the NL4.3/JRFL chimeras in PBMC, using measurement of supernatant p24 by ELISA at day 7 postinfection instead of LU to calculate the IC 50 s. The IC 50 for each virus was four to six times lower on PBMC than on JC53-BL cells (Fig. 4C) . For example, the mean IC 50 calculated for the NL4.3 viruses in PBMC was 0.024 g/ml, compared to 0.125 g/ml in JC53-BL cells. The mean IC 50 for the viruses that contained the R5 V3 loop sequence (0.060, 0.094, and 0.109 g/ml, mean ϭ 0.088 Ϯ 0.025) was 0.6 log 10 higher than that for the NL4.3 viruses, which was consistent with our analyses performed on JC53-BL cells. Based on these results, we conclude that coreceptor modulation of T-20 inhibition also occurs in primary target cells in vitro.
Comparison of the baseline sensitivity to T-20 determined by a target sequence within HR1. Rimsky et al. reported that a contiguous three-amino-acid sequence present at positions 36 to 38 within HR1 is a major determinant of sensitivity to T-20 (41). Here we investigated the effect of this sequence on sensitivity to T-20 in the context of different coreceptor specificities using envelope chimeras (Fig. 2) . HXB2 and NL4.3 contain similar amino acid sequences within gp41 and differ by only one amino acid residue within HR1: a naturally occurring G-to-D substitution at position 36 in NL4.3 (Fig. 3B) . The baseline sensitivity of NL4.3 and NLHX differed dramatically, even though their envelope sequences are highly related and their coreceptor specificities are the same (Fig. 5A) . When the HXB2 envelope, which contains GIV within HR1, was inserted into NL4.3, the IC 50 was about 1.4 log 10 lower, from a mean of 0.125 to 0.005 g/ml (P ϭ 0.002). To validate the contribution of the HR1 sequence, we compared an X4 virus that contains the GIV sequence in HR1 derived from JRFL, NFN-MX, to NL4.3 and NLHX (Fig. 5A) . The IC 50 for NFN-MX was about 1.2 log 10 lower than that for NL4.3 (0.008 versus 0.125 g/ml of T-20, P Ͻ 0.001). We next determined whether placement of the JRFL-derived R5 V3 loop sequence back into the X4 envelope background of NFN-MX would result in an increase in the IC 50 . We compared NFN-MX to MX-FLV3, which is identical to NFN-MX except that it contains JRFL-derived R5 V3 loop sequences (Fig. 5C ). Figure 5B shows that substitution of the JRFL V3 loop sequence in NFM-MX resulted an in- crease in the IC 50 of T-20 of about 0.8 log 10 , from a baseline of 0.008 to 0.056 g/ml (P Ͻ 0.001). The IC 50 for a similar construct, NFN-SX, was comparable to that for NFN-MX (0.047 versus 0.056 g/ml).
Coreceptor specificity and HR1 independently modulate susceptibility to T-20. The IC 50 s for all envelope chimeras analyzed in this study are shown in Table 2 in relation to their coreceptor specificity and the critical amino acid sequence present in HR1. The mean IC 50 s and standard deviations were calculated for each group of viruses based on their coreceptor specificity and the sequence present in HR1. The constructs that required the highest concentrations of T-20 to inhibit infectivity contained a combination of R5 V3 loop sequences and the DIV sequence in HR1 (R5/DIV). Substituting an X4 V3 loop sequence for the R5 V3 loop sequence (X4/DIV) resulted in a ϳ0.5-log 10 increase in sensitivity to T-20 relative to the R5/DIV viruses. Constructs containing an R5 V3 loop sequence combined with the GIV sequence (R5/GIV) were ϳ1.1 log 10 more sensitive to T-20 than the R5/DIV viruses. Finally, the most sensitive combination was an X4 V3 loop sequence combined with the GIV sequence in HR1 (X4/GIV). These viruses were ϳ1.8 log 10 more sensitive to T-20 than the R5/DIV viruses. These results show that coreceptor specificity and the critical target sequence present within HR1 produce additive effects that independently modulate sensitivity to T-20.
DISCUSSION
Using chimeric HIV-1 constructs containing identical proviral backgrounds and defined envelope sequence combinations, we confirmed that sequences contained within gp41 determine the baseline sensitivity of a virus to T-20 independently of coreceptor specificity. Our studies showed that both X4 and R5 viruses containing the DIV variant sequence in HR1 display Ͼ1.0-log 10 -higher IC 50 s than similar viruses containing the GIV motif. For example, viruses that contain an X4 V3 loop sequence within the NL4.3 envelope background showed IC 50 s 1.0 log 10 higher than those for similar constructs within the HXB2 or JRFL envelope background, which both contain GIV (Fig. 5A) . These results, combined with the absence of other amino acid substitutions within envelope sequences derived from T-20-resistant viruses (41) , suggest that this site interacts directly with T-20 peptides and is critical to its mode of action. Since the GIV sequence is highly conserved among isolates of HIV-1 (36), natural variants probably occur infrequently in the absence of selection and were not likely to have been a major factor in our analysis of primary isolates. Nevertheless, this highly conserved sequence can be altered without diminishing infectivity when viruses are exposed to the selective pressures of T-20 in vitro (41) . Moreover, T-20-resistant viruses generated at suboptimal doses of T-20 in vivo also contain substitutions within the GIV region (Shaw, unpublished data).
A major finding in our study is the novel observation that coreceptor specificity, defined by V3 loop sequences, independently modulates sensitivity to inhibition by T-20. The insertion of four different R5 virus-derived V3 loop sequences into the NL4.3 or HXB2 X4 envelope background increased the IC 50 an average of 0.7 log 10 (range, 0.6 to 0.8 log 10 ). Although most of the analyses were performed in a cell line, the results were confirmed for a subset of the chimeras in PBMC by analyzing p24 production in the supernatant. Even though the IC 50 for each virus analyzed was about fivefold lower in PBMC, a 0.6-log 10 increase in mean IC 50 was observed for the three viruses containing R5 V3 loop sequences. Moreover, our analysis of R5 and X4 primary isolates was completely consistent with the results observed with the chimeric viruses containing defined envelope sequences. The mean IC 50 for R5 primary isolates was about 0.8-log 10 higher than the mean IC 50 for X4 isolates. It is likely that coreceptor specificity is a strong modulator of sensitivity to T-20 in primary isolates of HIV-1, even though other regions of the envelope and viral genome may influence overall sensitivity. The findings reported here have several important implications. First, T-20 may more effectively inhibit viral strains that use CXCR4 in vivo and is the first clinically effective antiretroviral therapy that exhibits this additional potential. Heavily pretreated patients with advanced disease that harbor X4 viruses may experience additional benefits from treatment regimens containing T-20. Second, administration of T-20 as part of an antiretroviral regimen in patients with early disease might delay the emergence of more pathogenic strains of HIV-1 that are associated with CXCR4 specificity if viral replication is not completely suppressed (9, 12, 16, 58) . Our data also suggest that R5 viruses may be able to generate resistance more rapidly than X4 viruses in vivo in the presence of suboptimal doses of T-20, since R5 viruses remain infectious at higher concentrations of T-20 in vitro. However, clinical studies of subjects undergoing T-20-containing regimens are necessary to confirm these hypotheses.
It is not immediately clear why coreceptor specificity would influence susceptibility of a viral isolate to inhibition by T-20. The mechanism of T-20 action probably involves competitive binding of the peptides to the HR1 domain in a dominant negative manner that inhibits its association with the native HR2 after gp120 binding to CD4 and coreceptor molecules (7, 17, 35) . With T-20 bound, the conformation of gp41 would be held in an intermediate state, viral and cellular membranes would remain separated, and fusion would be prevented (35) . One possible explanation for the effects of coreceptor specificity on the mechanism of T-20 inhibition is that gp120 binding to CD4 and CCR5 induces conformational changes that hinder T-20 peptide interactions with HR1, while gp120 binding to CD4 and CXCR4 induces a conformation more conducive to T-20 association with HR1. The stability of the gp120-gp41 association has been shown to be a major determinant of susceptibility to the nonpeptidic inhibitor RPR103611, whose target sequence maps to critical residues within gp41 (30) . Similarly, the bis-azo compound inhibitor FP-21339, which modulates stability of the gp120-gp41 complex, inhibited a virus containing an X4 envelope at lower concentrations than an isogenic virus containing an R5 envelope (60). Furuta et al. showed that the presence of soluble CD4 alone was sufficient to trigger the conformational changes in gp41 that promote access of hemagglutinin epitope-tagged T-20 peptides for the envelope derived from HXB2, but not SF162 or JRFL, which required interaction with both CD4 and coreceptor molecules (17) . Thus, the greater sensitivity of X4 viruses to T-20 inhibition in this study could be explained by more efficient dissociation of gp120 from gp41 upon contact with CD4/CXCR4 than with CD4/CCR5, leading to conformational changes that promote T-20 interaction with HR1.
It is also possible that the kinetics of the conformational changes within gp41 induced by gp120 binding to CD4 and coreceptor may differ for CCR5 and CXCR4. Doranz and colleagues reported that the binding of X4 gp120s to CXCR4 in the presence of CD4 is not as robust as binding of R5 gp120s to CCR5 (13, 14) . The CD4-induced conformational changes in gp120-gp41 occur rapidly after binding (13, 24) , but the kinetics of subsequent events have not been described. One study investigating the time dependence of T-20 inhibition using the X4 HIV-1 LAI envelope showed that cell-cell fusion was completely inhibited if T-20 was added within the first 15 min of cell mixing (35) . T-20 added between 15 and 75 min resulted in partial inhibition of fusion (10 to 90%), and T-20 added after 75 min had no effect. This finding suggests that there is a distinct window of opportunity for T-20 to interact with HR1 within a transient structure that forms after CD4-coreceptor binding but before fusion is complete. After this time, it is likely that HR1 and HR2 have already complexed, so that T-20-mediated inhibition is no longer possible. If R5 gp120s bind to CD4/CCR5 with higher affinity and association constants than X4 gp120s bind to CD4/CXCR4, it is possible the gp120-CD4-CCR5 complex may trigger the conformational changes of gp41 that lead to fusion more rapidly than gp120-CD4-CXCR4. In contrast, the X4 gp120-CD4-CXCR4 complex may produce an intermediate structure that exposes the T-20 interaction for a longer period of time.
A third possible explanation is that CCR5 and CXCR4 have different rates of internalization after gp120 binding. Although gp120-bound coreceptor internalization is not required for HIV-1 entry, the rate at which this occurs may influence the exposure of complexed viruses to T-20 and thus cause differential inhibition of X4 and R5 viruses. Although we have presented alternative hypotheses that may explain our observations, these are not mutually exclusive and may contribute in concert to the differential inhibition of CXCR4 and CCR5-mediated fusion.
The results presented in this study provide strong evidence that the CD4-coreceptor-envelope interaction differs structurally and/or kinetically between X4 and R5 viruses. The coreceptor-specific modulation of T-20 inhibition suggests that although CCR5 and CXCR4 both serve as coreceptors for HIV-1, they may provide functional or kinetic differences in viral entry. Whether these differences play a role in pathogenesis and viral evolution in vivo is unclear, but uncovering the complex events and structures that define fusion will be important for a complete understanding of the HIV-1 entry into target cells.
